To study the integrity of inner and outer retinal layers in patients with various types of optic neuropathy by using high-resolution imaging modalities. METHODS. Three high-resolution imaging systems constructed at the University of California Davis were used to acquire retinal images from patients with optic neuropathy: (1) adaptive optics (AO)-flood-illuminated fundus camera, (2) highresolution Fourier domain optical coherence tomography (FDOCT), and (3) adaptive optics-Fourier domain optical coherence tomography (AO-FDOCT). The AO fundus camera provides en face images of photoreceptors whereas crosssectional images (B-scans) of the retina are obtained with both FDOCT and AO-FDOCT. From the volumetric FDOCT data sets, detailed thickness maps of a three-layer complex consisting of the nerve fiber (NF), ganglion cell (GC), and inner plexiform (IP) layers were created. The number of visible cones in the en face images of photoreceptors was then compared with visual sensitivity maps from Humphrey visual field (HVF; Carl Zeiss Meditec, Inc., Dublin, CA) testing, as well as FDOCT and AO-FDOCT images, including the thickness maps of the NF-GC-IP layer complex. Five types of optic neuropathy were studied: (1) optic neuritis with multiple sclerosis (MS), (2) idiopathic intracranial hypertension (pseudotumor cerebri), (3) nonarteritic anterior ischemic optic neuropathy (NAION), (4) optic nerve head drusen with NAION, and (5) systemic lupus erythematosus with MS and arthritis. RESULTS. With permanent visual field loss and thinning of the NF-GC-IP layer complex, cone photoreceptors showed structural changes, making them less reflective, which caused the appearance of dark spaces in the en face images (hence, reduced number of visible cones) and indistinct outer retinal layers in OCT images. However, when the visual field loss was only transient, with a normal NF-GC-IP layer complex, there were no detectable abnormalities in cone photoreceptors (i.e., they were densely packed and had distinct photoreceptor layering in the OCT images). CONCLUSIONS. Cone photoreceptors show structural changes when there is permanent damage to overlying inner retinal layers. There was a positive relation between the thickness of the three-layer inner retinal complex, visual sensitivity, and integrity of the cone mosaic. (Invest Ophthalmol Vis Sci. 2008; 
T he most common optic neuropathies in adults, besides glaucoma, are optic neuritis (ON) and nonarteritic anterior ischemic optic neuropathy (NAION) with yearly incidences of 5.1/100,000 and 2.3/100,000, respectively, in industrialized countries. 1, 2 The etiology of NAION is believed to be ischemia, caused by disruption of blood flow to the capillaries of the optic nerve head, 3 whereas in ON, it is thought to be demyelination, where the integrity of the blood-brain barrier in the optic nerve head is disrupted. 4 Although NAION and ON have different etiologies, both are associated with loss of ganglion cell axons. 3, 5 It has been shown that the axons undergo degeneration at the disc, either from inflammation in ON or ischemia in NAION and then anterograde degeneration results in optic atrophy and ganglion cell death. Other less prevalent optic neuropathies, such as optic nerve head drusen and compressive optic neuropathy have also shown disc pallor and thinning of nerve fiber layer (NFL). 6 -9 Common visual symptoms in various types of optic neuropathy are loss of visual acuity, impaired contrast sensitivity, decreased color discrimination, and visual field defects. 10 -22 It has been assumed that loss of vision and color vision in optic neuropathy are mainly due to axonal damage. However, several glaucoma studies have presented evidence of photoreceptor involvement in conjunction with retinal ganglion cell (RGC) damage. [23] [24] [25] Our recent study on glaucoma revealed that there are structural changes in cone photoreceptors, together with expected inner retinal changes, which raises the possibility that several other optic neuropathies have upstream changes in the outer retina. 26 The purpose of this article is to examine this issue through high-resolution in vivo retinal imaging of patients with various types of optic neuropathy.
METHODS

Subjects
Six patients with several different types of optic neuropathy were tested. The patients included two with multiple sclerosis (MS), one with bilateral NAION, one with bilateral optic nerve head drusen with NAION, one with idiopathic intracranial hypertension (pseudotumor cerebri), and one case of systemic lupus erythematosus with MS. The diseases were diagnosed in these patients based on clinical examinations, including fundus examination, visual field analysis, and Stratus OCT imaging (Carl Zeiss Meditec, Inc., Dublin, CA). The clinical findings in the patients are summarized in Table 1 . Both eyes were tested in three of six patients. In those cases in which only one eye was tested, the eye that exhibited the worse visual field was chosen for study. All subjects ranged in age from 34 to 57 years with refractive error ՅϪ3.5 D for spherical and Ͻ Ϫ0.75 D for astigmatic corrections. Four normal subjects of various ages (21, 35, 45 , and 55 years) were also recruited for direct comparison. All were screened with comprehensive ophthalmic examinations including dilated fundus examination and fundus photographs, to verify that they were free of retinal and optic nerve disease. They were also free of any systemic diseases and had low refractive error (i.e., ϽϪ3.5 D for spherical and ϽϪ0.5 D for astigmatic corrections). Refractive error was corrected with trial lenses before AO retinal imaging. The tenets of the Declaration of Helsinki were observed, and written informed consent was obtained after all procedures were fully explained and before any experimental measurements were performed. 
Procedure
In Vivo Retinal Imaging. Three high-resolution imaging systems were used to acquire retinal images from the same retinal locations in each patient. Each instrument provides complementary information. The AO-flood-illumination system has high lateral resolution and provides en face images of cone photoreceptors from which cone density can be measured. The term cone density is used to reflect the number of cones that are visible in the image. FDOCT has high axial resolution and a relatively large field of view. AO-FDOCT has high lateral and high axial resolution, but a smaller field of view in its current configuration. FDOCT and AO-FDOCT were used to acquire cross-sectional images at the corresponding retinal locations so that direct comparisons could be made between the en face and crosssectional images from the same retinal location. Furthermore, FDOCT images allow creation of precise thickness maps of various retinal layers that can be used to monitor, detect, and measure micrometerlevel changes in thickness.
Owing to the size of the cellular structures of interest (only a few micrometers), the motion artifacts that can easily be overlooked in other conventional imaging systems become a major hindrance in high-resolution imaging, from the acquisition and processing aspects. To minimize these motion artifacts, a bite bar and/or a forehead rest are used during imaging, and also all the images are registered offline not only to enhance the contrast but also to bring out the details in the image more clearly. The use of a bite bar/forehead rest and image registration has become an integral part of high-resolution imaging, and they have proven to be effective.
AO-Flood-Illumination System. A detailed description of the imaging system and the procedures have been published elsewhere. 27 Briefly, the pupil was dilated with a combination of 1% tropicamide and 2.5% phenylephrine. During testing, the subject's head and eye movements were minimized by using a bite bar with a dental impression. The imaging locations were selected based on the Humphrey visual field (HVF; Carl Zeiss Meditec, Inc.) test results from which areas of different visual sensitivity could be identified. The residual aberrations after trial lens correction were measured with a Shack-Hartmannbased wavefront sensor and then corrected with a deformable mirror (DMs; Itek Optical Systems, Lexington, MA) having 109 actuators with a Ϯ2-m mirror stroke. The imaging wavelength was 650 Ϯ 40 nm, and the size of each AO image subtended 1°on the retina. The lateral resolution of the system is ϳ2.5 m, which allows visualization of individual cone photoreceptors. Seven to eight AO images were registered and averaged, to improve the signal-to-noise ratio of the image by approximately three times. To ensure that all the images that are selected for image registration are sharp and free of any eye motion, each image was visually inspected before registration. The registration was performed based on normalized cross correlations between the chosen reference image and subsequent images. The images were then shifted and rotated accordingly to achieve the best overlap with the reference image. All registered images were acquired within the same session under identical conditions. Therefore, no correction was necessary for different magnification between images.
Stiles-Crawford Effect Imaging. Similar to the technique used
by Roorda and Williams, 28 the entrance position of the imaging light in the AO-flood-illuminated fundus camera was varied in 1-mm increments along the horizontal meridian of the dilated pupil, to assess the angular tuning of cone photoreceptors based on the Stiles-Crawford effect (SCE). 29 For each entrance position, a series of images was acquired and registered to determine whether any particular entrance position revealed cones that were not previously visible with the central entrance position.
Fourier Domain OCT. FDOCT images were obtained by using a laboratory instrument described in detail elsewhere. 30 -32 Briefly, a superluminescent diode at 855 Ϯ 33 nm was used to acquire B-scans (6 ϫ 2 mm, 1000 A lines, line exposure time [], 80 s; frame acquisition rate, 12 frames/s) and volumes (6 ϫ 6 ϫ 2 mm, 100 frames; acquisition time, 9 seconds) of the retina. Consecutive B-scans permitted structural changes to be identified in any of the retinal layers, whereas volumetric data sets were used to create thickness maps of the inner retinal layers. 32 This system has an axial resolution of ϳ4.5 m (i.e., more than two times higher resolution than Stratus OCT; Carl Zeiss Meditec, Inc.) and a lateral resolution of ϳ15 m. Before imaging, the pupil was dilated as described earlier. A bite bar and a forehead rest were used to stabilize movements of the head during imaging. To reduce motion artifacts in volumetric data, individual B-scans were registered to improve axial and transverse alignment of the consecutive frames. 33 Adaptive Optics-FDOCT. Highly magnified and detailed volumetric cross-sectional images of the retina (0.5 ϫ 0.5 mm, 500 A lines; , 50 s; frame acquisition rate, 36 frames/s with 250 frames), subtending ϳ1.7°on the retina, were acquired with an AO-FDOCT system with a superluminescent diode (SLD) at 841 Ϯ 25 nm. A detailed description of the system and the procedure for imaging have been published elsewhere. 34 Briefly, the pupil was dilated and the eye's aberrations were measured and corrected by a Shack-Hartmann wavefront sensor and DMs, respectively. The AO-FDOCT system uses two DMs: a bimorph DM with a Ϯ16-m mirror stroke and a microelectromechanical systems (MEMS) DM with Ϯ 0.75-m mirror stroke. The bimorph DM was used to correct the refractive error, and the MEMS DM was used to correct the residual higher-order aberrations. To stabilize the patient's head, a bite bar with dental impression and a forehead rest were used during imaging. Each system mentioned has a calibrated internal fixation target for different retinal eccentricities, so that the same retinal location on each patient would be imaged by these three separate imaging systems.
Image Analysis. Cone Density Measurement and Identification of Cones.
Cone density was calculated from the AO-flood en face images by using a custom software (MatLab; The Mathworks, Inc., Natick, MA) program that automatically identifies cones based on the peak intensity and diameter. 35 Algorithm details are published else- where. 35 Briefly, the user identifies and measures the dimmest and the brightest cones in each image as well as the shortest center-to-center spacing between adjacent cones. Then these values are used as a threshold for selecting cones in the image. The algorithm selects only pixels that satisfy both conditions: (1) the intensity lies between the min and max threshold values; and (2) the spacing must exceed the threshold. If there are blood vessels in the image, they are traced, and their area is subtracted from the image area before the cone density calculation, as it will otherwise underestimate the number of visible cones in the image. The accuracy of this algorithm has been tested using both simulated and real retinal images from normal subjects, and was found to be in 97.7% agreement with the simulated images and within 1 SE of the mean density in Curcio et al. 36 for the real retinal images. The cone counts from our images were compared to the histology data reported by Curcio et al. at the corresponding retinal locations to calculate relative cone density. We 35 and others 37, 38 have demonstrated elsewhere that there is a close agreement between cone densities in AO en face images and the histology data for normal retina.
SCE Images. Cones were identified using the same software program mentioned earlier (MatLab; The MathWorks). Those cones that became visible under SCE imaging conditions were manually labeled (Photoshop, ver. 8; Adobe Systems, Inc., San Jose, CA).
Quantification of Inner Retinal Layer Thickness with FDOCT.
From the 3-D volumes of the retina, a three-layer complex including the NFL, ganglion cell layer (GCL), and inner plexiform layer (IPL) was isolated to create a two-dimensional thickness map. To extract retinal layers, a machine learning support vector machine (SVM) algorithm that allows the semiautomatic segmenting of different retinal structures was used. 32 When the NFL, GCL, or both are absent or thin due to optic neuropathy, it becomes difficult to segment the individual layers accurately; therefore, the IPL was included in all cases, to make the segmentation more reliable.
RESULTS
In Vivo Imaging of Inner and Outer Retinal Layers
As a reference, images of a normal retina obtained with our high-resolution imaging systems are shown in Figure 1 . Figure   FIGURE 1 . Images of normal retina in young and older subjects. (a) An en face image of the photoreceptor mosaic obtained with the AO-flood-illuminated fundus camera at 4°temporal-4°superior retina and 6°t emporal-7°inferior retina in a 45-year-old eye and at 4°temporal retina and 7°temporal-3°inferior retina in a 21-year-old eye. Darker areas in the image represent shadows cast by blood vessels from layers above the photoreceptors. Cones were visible in these dark areas, even though they appeared fainter. (b) Corresponding FDOCT B-scans through the fovea and six other retinal locations in a 35-year-old and a 55-year-old eye. B-scans were taken at 6°superior retina, 4°superior retina, 2°superior retina, fovea, 2°i nferior retina, 4°inferior retina, 7°inferior retina. The NFL is much thicker on the nasal side of the fovea than on the temporal side. An FDOCT image taken at the fovea of the younger subject is shown for labeling purposes. (c) AO-FDOCT images were taken at six different locations in the retina in the same 35-and 55-year-old eyes. These locations are indicated on the fundus picture of the eye. An AO-FDOCT image at 4.5°temporal retina is shown for labeling purposes. 1: ELM, 2: IS/OS, 3: tip of OS of photoreceptors making contact with microvilli of the RPE (OS/RPE), RPE: retinal pigment epithelium; T, temporal; N, nasal; S, superior; I, inferior; R, retina. Scale bar: (a) 10 m; (b, c) 100 m.
1a shows an en face image of cone photoreceptors (FOV ϭ ϳ1°) taken with the AO-flood-illuminated fundus camera. As expected at 4°temporal retina, the cone photoreceptors are more densely packed than at more eccentric retinal locations. Darker areas in the image represent shadows cast by blood vessels located above the photoreceptors. Figure 1b shows corresponding B-scans, obtained with the FDOCT, through the fovea and six other retinal locations in two subjects. B-scans were obtained at 6°superior retina, 4°superior retina, 2°s uperior retina, the fovea, 2°inferior retina, 4°inferior retina, and 7°inferior retina. The NFL is much thicker on the nasal aspect of the fovea than on the temporal side. Figure 1c shows AO-FDOCT images (0.5 ϫ 0.5 mm) acquired at six different retinal locations in the same subjects. These locations are shown on the fundus photograph of each eye. Another normal AO-FDOCT image (0.5 ϫ 0.5 mm) taken at 4.5°temporal retina is shown for labeling purposes. The normal photoreceptor layer is identifiable as four well-defined stratified layers as shown in Figure 1c AO-flood en face images of cone photoreceptors were acquired in both eyes at three retinal locations having different visual sensitivity. Figures 2a and 2b show the cone mosaic of each eye at retinal locations shown on the HVF plot. Because of the severity of the visual field defect, the standard stimulus (size III) was not sensitive enough to plot a meaningful visual field, therefore, a larger stimulus (size V) was used instead. Figure 2a shows dark spaces in the cone mosaic images where cones were not visible at all three retinal locations. At 2°t emporal-2°inferior retina and 2°temporal-2°superior retina, the cone density was reduced to 56% and 62% of normal, respectively, and at 4°nasal-4°superior retina, where the visual sensitivity was found to be higher than in the other two locations, the cone density was 79%. The left eye showed the same trend as the right eye (Figure 2b; i.e., dark spaces were evident in the cone mosaic images, and their extent increased with decreasing HVF sensitivity). At the retinal locations where sensitivity was more reduced (i.e., 4°temporal-7°superior retina and 4°temporal-4°superior retina), the cone density was 53% and 61%, respectively, and at the location where higher sensitivity was registered (i.e., 4°nasal-4°superior retina) the cone density was maintained at 83%. Some examples of these dark spaces in the cone mosaic are denoted by arrows in Figure 2 .
Supplementary Figure S1a shows FDOCT B-scans through the same three vertical eccentricities from the fovea in the right eye. It is striking to note that the NFL was barely visible across the entire scan at these locations and the photoreceptor OS/RPE junction appeared mottled and blurred, especially at 2°t emporal-2°superior retina and 2°temporal-2°inferior retina. Supplementary Figure S1b shows the FDOCT images at the corresponding vertical locations in the left eye. The B-scan image through 7°superior retina from the fovea revealed almost no NFL across the entire scan. This is the eccentricity that includes the retinal location with the lowest visual sensitivity and the lowest cone density (53%) of the three locations imaged (i.e., 4°temporal-7°superior retina). The scan through 4°superior retina showed marked thinning of NFL on the temporal aspect of the fovea and it gradually became thicker as it approached the optic nerve head. Figures 3a and 3b show AO-FDOCT images taken at two of the same retinal locations where the AO-flood en face images were acquired in the right eye, 2°temporal-2°superior retina and 4°nasal-4°superior retina. Lower cone density was found at 2°temporal-2°superior retina (62%) (versus 4°nasal-4°s uperior retina (79%)). The AO-FDOCT image from 2°tempo-ral-2°superior retina revealed an indistinct junction between the outer segment layer and the RPE (OS/RPE), whereas the OS/RPE was better defined at 4°nasal-4°superior retina (labeled 3 in Fig. 3b ), although it is not as continuous as shown in the normal retina in Figure 1c .
Both eyes showed a reduction in cone density at all three retinal locations imaged; however, the extent of dark spaces in the mosaic increased with a decrease in visual sensitivity. The AO-FDOCT images also showed structural changes in the cone photoreceptors, making the outer retinal layers more blurred and indistinct especially the OS/RPE junction, the severity of which also varied inversely with HVF sensitivity (i.e., the lower the visual sensitivity, the greater the disturbance at the OS/ RPE). Examination of the AO images of cone photoreceptors and the FDOCT images of the retina showed that there is a relationship between the integrity of the cone photoreceptors and the NFL (i.e., the retinal locations that exhibited structural changes in cone photoreceptors revealed either no or markedly thinned NFL.
Case 2: ONHD/NAION. A 54-year-old man who had had bilateral optic nerve head drusen (ONHD) for the past 36 years was imaged. A detailed clinical case report on this patient is published elsewhere, 39 without the benefit of extensive AOflood imaging. Briefly, both eyes had a long history of significantly constricted visual fields; therefore, HVF central 10°was used instead of the standard 24°for testing. The cause of the ONHD was thought to be bilateral ischemic optic neuropathy of the optic nerve.
AO-flood en face images of cones were taken at three and four different locations of the retina in the right and left eyes, respectively. Figure 4 shows the visual field measurement (central 10 -2) with the in vivo images of photoreceptors from 4°n asal-4°inferior retina, 2°superior retina, 4°temporal-4°in-ferior retina, and 8°temporal-8°inferior retina in the left eye. The cone density was close to being normal at the locations where visual sensitivity was not altered (i.e., 4°nasal-4°infe-rior retina and 2°superior retina) and then decreased to 57% to 62% of normal at the areas affected by the disease (i.e., 4°t emporal-4°inferior retina and 8°temporal-8°inferior retina). The same trend was found in the right eye. The AO-flood en face images were taken at 2°nasal-2°superior retina, 4°t emporal-4°inferior retina, and 6°temporal-6°superior retina in the right eye. Cones at 2°nasal-2°superior retina were densely packed, whereas those at 4°temporal-4°inferior retina and 6°temporal-6°superior retina showed evidence of dark spaces in the mosaic. The cone density was close to normal at the center (87%) and then it decreased to 56% of normal in the peripheral locations where visual sensitivity was reduced. Both eyes showed similar cone density measurements for similar visual sensitivity. Some examples of these dark spaces in the cone mosaic are denoted by arrows in Figure 4 . Supplementary Figure S2a shows the FDOCT images taken from the corresponding vertical locations in the right eye. The B-scan images revealed no NFL at 6°superior and 4°inferior to the fovea, and the 2°superior retinal scan showed considerably thinned NFL on the nasal side of the fovea and no NFL at the central and temporal locations. The photoreceptor layers (mostly OS/RPE junction) appeared mottled and blurred, especially at 6°superior and 4°inferior to the fovea. Supplementary Figure S2b shows the FDOCT images taken at the corresponding vertical locations in the left eye. In general, the central and nasal parts of the retina showed relatively thinned NFL, whereas the temporal retina showed almost no NFL. The photoreceptor layers (mostly at the OS/RPE junction) were somewhat mottled, and some dark blotches were evident on the B-scans at the most peripheral location. This result correlated with the cone density measurements from the AO-flood en face images taken at the locations where the B-scans were acquired.
AO-FDOCT images obtained at the same four retinal locations in the left eye are shown in Figure 5 . All four layers (1, 2, 3, and RPE) were visible at all retinal locations except 8°t emporal-8°inferior retina, although the OS/RPE was not as well organized at 4°temporal-4°inferior retina. At 8°tempo-ral-8°inferior retina, the OS/RPE was indistinguishable and mottled, which implies structural changes in the outer segments of cone photoreceptors.
Both eyes showed the same trend of results. At the retinal locations where visual sensitivity was reduced, the cone photoreceptors became less reflective; hence dark spaces appeared in the AO-flood en face images (i.e., a reduced number of visible cones) and the OS/RPE junction became blurred and mottled in the AO-FDOCT images. Also, from the FDOCT images, the overlying NFL was either thinned or nonexistent, and the photoreceptor layers appeared blurred at the corresponding locations.
Case 3: SLE/MS. A 45-year-old woman with MS with bilateral optic atrophy and combined SLE and arthritis was tested. The optic atrophy was more severe in the right eye than in the left eye. Figure 6 shows AO-flood en face images of cone photoreceptors taken from five retinal locations in the right (Fig. 6a) and left (Fig. 6b) eyes, respectively. Note that the visual field test was SITA Standard 24-2 HVF. These in vivo images revealed substantial dark spaces in the cone mosaic at these locations, with the cone density measurement ranging from 3% to 27% of expected normal values 36 in the right eye and from 27% to 52% in the left eye. Some examples of these dark spaces are denoted by arrows in the figure. The cone density in the left eye was much lower than expected for a given visual field result. This is a unique case, among the patients presented here, in that the extent of disturbance in cone photoreceptors was far greater than suggested by sensitivity measured with the HVF. When there was a reduction in visual sensitivity, the cone The right eye had a much thinner NFL than the left at all five locations, and the photoreceptor layer (especially the OS/RPE junction) was not as well defined in both eyes as in normal, as shown in Figure 1b .
AO-FDOCT images were acquired at two of the corresponding retinal locations in the right eye: one with the lowest and one with the highest cone density measurement. Figure 7a shows the AO-FDOCT image from 2°nasal-2°inferior retina (cone density of 3%). All the layers were less distinct and blurred. The OS/RPE junction was not visible, and there were distinct gaps in the IS/OS junction (2 in the figure). The IS/OS junction was better defined at 4°temporal-4°superior retina (cone density of 27%), but the OS/RPE layer was still not visible, implying structural changes in the outer segments of the photoreceptors (Fig. 7b) .
Case 4: IIH. A 47-year-old woman with bilateral optic nerve pallor from IIH (pseudotumor cerebri) was tested. The left (worse) eye was chosen for study. Figure 8 shows the AO-flood en face images of cone photoreceptors from four retinal locations referenced to her visual field measured by a SITA Standard 24-2 HVF. These images also showed dark spaces in the cone mosaic at the retinal locations where the sensitivity was reduced. Some examples of these dark spaces are denoted by arrows in the figure. The cone density ranged from 35% to 92% of normal value and varied with visual sensitivity.
Supplementary Figure S4 shows the FDOCT images acquired at the corresponding locations vertical to the fovea. The B-scan images showed significantly thinned NFL at 2°nasal-7°i nferior retina and 4°temporal-4°inferior retina, where the cone density was reduced to 35% and 59%, respectively. At 2°n asal-2°inferior retina (cone density of 81%) and 4°nasal-4°s uperior retina (cone density of 92%), the NFL was evident, and it was much thicker at 4°nasal-4°superior retina.
Case 5: MS-1. A 43-year-old woman with MS and bilateral optic neuritis tested with SITA standard 24-2 HVF had a normal field in the right eye and a slight defect in the left eye. The extent of optic nerve pallor was slight in both eyes, and the visual acuity was 20/40Ϫ2 in each eye. The eye with visual field defect (left eye) was chosen for study. Figure 9 shows the AO-flood en face images of cone photoreceptors taken at four retinal locations. The inferior retina had reduced visual sensitivity compared with those at superior retina, but the cone density measurements were found to be normal at all four locations. The AO images looked normal with densely packed cones at all locations, as shown in Figure 1a .
Supplementary Figure S5 shows FDOCT images from the corresponding four vertical locations from the fovea, and all the scans appeared normal except for the 7°inferior retina scan where small disruptions were noted at the OS/RPE junction.
AO-FDOCT images also appeared normal, with four distinct layers (1, 2, 3 and RPE) at all locations except at 7°inferior retina where the OS/RPE junction was slightly less distinct (Fig. 10) .
There was a slight reduction in visual sensitivity at two of the four locations (3°and 7°inferior retina). However, at 3°i nferior retina, all three imaging systems showed normal inner and outer retinal layers, and at 7°inferior retina, a small disruption was detected at the OS/RPE junction by both OCT systems, which may explain the slight reduction in HVF testing.
It was found later that this patient showed fluctuating visual field abnormalities over time, consistent with existing optic neuropathy. When the patient returned for a follow-up examination 3 months later, the visual field had improved to normal. The later normal visual field ( Supplementary Fig. S6 ) can be found online at http://www.iovs.org/cgi/content/full/49/5/ 2103/DC1. Case 6: MS-2. Another patient with MS with fluctuating visual field defect was tested: a 34-year-old woman with minor optic disc pallor in both eyes. On the day of imaging, the visual field changes (using SITA standard 24-2 HVF) were similar in both eyes but slightly worse in the left eye; therefore, the left eye was chosen for imaging. Visual acuity was 20/20 in both eyes.
The AO-flood images of cone photoreceptors from four central locations are shown in Figure 11 , along with the visual field results and the cone density measurement. The HVF test showed a reduction in visual sensitivity at the inferior nasal part of the visual field. However, the AO-flood images of cone photoreceptors obtained at all four quadrants of the visual field were normal with normal cone density measurements.
Supplementary Figure S7 shows FDOCT images through 2°s uperior and 2°inferior to the fovea. All the retinal layers appeared normal throughout the whole scan at these two vertical eccentricities.
There was no evidence of retinal changes in this patient. The visual field defects noted earlier in Figure 11 were found to be temporary and returned to normal 8 months later. The later 
Stiles-Crawford Effect Imaging
In vivo imaging of cone photoreceptors using AO revealed structural changes in cone photoreceptors in patients with different types of optic neuropathy. The consistent finding in all patients has been that when visual sensitivity is reduced, there is a reduction in cone density related to dark spaces in en face images and an indistinct photoreceptor layer in OCT B-scans. The extent of these changes is related to reductions in visual sensitivity. It is nevertheless possible that these dark spaces contain cones that are rendered invisible by alterations in their waveguide properties.
To address the nature of altered cone photoreceptors in our patients, we modified the angle through which the imaging light was delivered into the eye during AO-flood imaging, to assess the angular tuning characteristics of cone photoreceptors based on the SCE. 29 Roorda and Williams 28 have measured the directionality of cones in healthy retina using AO and showed that the disarray among the cones is small (i.e., when the entrance position of the imaging light was translated, all the cones became blurred collectively). If the dark spaces in the photoreceptor mosaic contain cones that are misaligned from the pupil center, then these cones may be revealed by altering the angle of light delivery into the eye.
The 45-year-old female patient with MS with chronic optic atrophy and lupus (case 3) was selected for SCE imaging at 4°t emporal-4°superior retina in the right eye. The results from the central three entrance positions (Ϫ1 mm, center, ϩ1 mm in the horizontal meridian) are shown in Figures 12a-c. The image that was taken with central illumination is considered to be the reference image against which all other images taken with eccentric illumination are compared. The cone density at this retinal location was only 27% of the normal value. The SCE imaging was able to bring out some cones that could not be seen under conventional imaging conditions, as shown with green dots. Note that at the same time, some of the cones that were visible with central illumination became less visible when the illumination angle was changed, which is expected from the SCE. Combining all the cones at the various entrance pupil positions still resulted in cone density substantially below that expected in a healthy eye (31% of normal). The SCE imaging results further verify that cones may undergo substantial structural changes that compromise their integrity at the retinal locations of reduced visual sensitivity. This inference about structural change is consistent with reports of histologic studies. 40 This imaging technique may be useful in characterizing the identity of the dark spaces in en face images (i.e., empty spaces versus areas of cone disarray). Figure 13 shows the segmentation results of the three-layer NFL-GCL-IPL complex around the macula in one normal subject and three of the patients. In normal retinas, the NFL and GCL were thick enough to be reliably segmented as individual layers, especially around the optic nerve head and at the nasal side of the fovea. However, in the optic neuropathies, either the NFL or GCL or both were very thin or even absent, making segmentation more difficult; hence, the IPL was included in the thickness maps.
Inner Retinal Layer Thickness Mapping by Volumetric FDOCT
En face thickness maps of the three-layer complex revealed significant thinning of layers in ONHD/NAION (case 2) and IIH (case 4) patients but no change in patient MS1. The thickness maps of the normal subject and patient MS1 were similar, with the thickness ranging between 50 and 110 m. Both ONHD/ NAION and IIH patients showed marked constriction of visual fields, with slight sparing in the nasal retina, whereas the 
DISCUSSION
Patients with various types of optic neuropathy including ischemic, inflammatory, and pseudotumor cerebri were imaged with high-resolution imaging systems to assess their retinas at a cellular level in vivo. One en face flood-illumination imaging system equipped with AO (AO-flood-illuminated fundus camera) and two FDOCT systems, one of them equipped with AO (AO-FDOCT) have been used for this study. Each system has unique strengths: the AO-flood-illuminated fundus camera is optimized to produce clear images of the cone mosaic, whereas FDOCT systems allow clear imaging of the entire retinal thickness and sectioning of individual retinal layers in three dimensions, from which thickness maps can be created. AO-FDOCT has the added advantage of sufficient transverse resolution for visualization of individual cellular structures, such as the junction between inner and outer segments of cones and gaps between adjacent cones. Combining all these attributes from each system made it possible to examine cellular structures in three dimensions in living eyes of patients. A limitation of this study is the small number of subjects. This deficit has to be considered when reviewing the results. The results in this article will be used as a foundation to recruit and study more patients from each type of optic neuropathy over time. Also, as we establish a larger normative database for various age groups, in vivo retinal images from normal subjects will be used to achieve a more direct comparison with diseased retinas instead of using histology data.
The pathogenesis of optic neuropathies has been studied extensively, but these studies have typically focused on inner retina. Hayreh 41, 42 showed that there are two types of ischemic optic neuropathy: anterior and posterior. The anterior form is caused by interference with the posterior ciliary artery supply to the optic nerve head and retrolaminar part of the optic nerve, which, in turn, results in visual loss and optic disc edema progressing to optic atrophy in a month or two. The posterior form is due to occlusion of nutrient arteries to the posterior part of the optic nerve and eventually atrophy develops, but in the initial stages, the optic disc appears normal despite visual loss. In contrast, Francois 43 showed that ischemic optic neuropathy is caused by an obstruction of the vascular axial system of the juxtabulbar optic nerve and involves a greater part of the optic nerve.
The pathogenesis of optic neuritis is presumed to be inflammation or demyelination of the optic nerve, similar to that seen in MS. 3 Patients with optic neuritis are more likely to develop MS in the future. Systemic and local infectious and inflammatory disorders can also cause optic neuritis (e.g., adjacent infection of the meninges, sinuses, or orbit may spread to involve the optic nerve). 3 Although a variety of factors are implicated as potential causes of pseudotumor cerebri, most cases reveal no clearly identifiable underlying cause. 44 The syndrome of pseudotumor cerebri presents with symptoms and signs of elevated intracranial pressure without additional neurologic abnormality. Common visual symptoms are optic disc pallor, visual field loss, and thinning of the NFL.
According to Köllner's rule, optic nerve diseases usually result in red-green color defects, whereas those diseases that affect the outer retina cause blue-yellow defects. However, patients with glaucoma mostly show the blue-yellow color defect. [45] [46] [47] [48] [49] This fact suggests that the color vision defect in glaucoma is more consistent with a retinal degeneration process than one involving only the optic nerve. Schneck and Haegerstrom-Portnoy 18 and Menage et al. 19 reported that patients with optic neuritis show mixed blue-yellow and redgreen color defects, instead of the expected red-green defects. This observation further supports the implication of inner and outer retinal involvement in optic neuropathies.
To our knowledge, scant attention has been paid to the integrity of photoreceptors in optic neuropathies. It would be surprising if sustained prolonged visual field loss were accom panied by changes restricted to the nerve fiber layer and ganglion cells without affecting other retinal layers, including photoreceptors. All the patients we tested exhibited a strong association between structural changes in cone photoreceptors and loss of visual sensitivity as well as thinning of the three-layer inner retinal complex. The overall map of inner retinal layer thickness (composed of the NFL, GCL, and IPL) matched the visual field results closely, showing thinning at the locations where visual sensitivity was reduced.
In healthy retina, cones are generally densely packed with a common angular tuning toward the pupil center; hence, under normal imaging conditions (i.e., imaging light entering the pupil through its center) all the cones are detected and produce a regular cone mosaic. However, if cones undergo structural changes due to disease, (1) they may become less reflective as the refractive index difference between inner and outer segments decreases, (2) the direction of angular tuning may change due to less structural support around the cones, and/or (3) they may disappear altogether, leaving behind empty spaces. All these changes may contribute to dark spaces in the en face AO-flood images and indistinct OS/RPE layer in the OCT images. The SCE-imaging technique can be used to address the presence of misaligned cones in these dark spaces by using their waveguide properties. In characterizing the nature FIGURE 12. (a-c) A cropped image (0.5°) taken at 4°temporal-4°supe-rior retina in the right eye of the patient with SLE/MS (case 3). Green dots: the cones that became visible by altering the pupil entrance position of the imaging light. Crosses: the cones that are common to each image (yellow, Ϫ1 mm nasal; blue, pupil center; red, ϩ1 mm temporal). Images acquired with three different entrance positions of the imaging light (Ϯ1 mm from the pupil center and the pupil center) are shown. of these dark spaces, visual sensitivity is also useful. We have obtained such measures through visual fields and found positive relations with the extent of the dark spaces. Additional tests could include direct stimulation of these dark spaces using AO-guided microperimetry. At this point, we cannot be sure what proportion of the dark spaces in the en face images are made up of misaligned cones or completely dysfunctional cones. Nevertheless, our data demonstrated the validity of SCE imaging in partially characterizing the identity of dark spaces in en face images. In both OCT images, the main structural changes besides thinning of the NFL were detected at the junction of the OS and RPE, whereas the IS/OS was well defined in all cases.
